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A role of the cryptic gene in the correct establishment of the
left–right axis
U. Gaio*, A. Schweickert†, A. Fischer†, A.N. Garratt*, T. Müller*, C. Özcelik‡, 
W. Lankes‡, M. Strehle*, S. Britsch*, M. Blum† and C. Birchmeier*
During vertebrate embryogenesis, a left–right axis is
established. The heart, associated vessels and inner
organs adopt asymmetric spatial arrangements and
morphologies. Secreted growth factors of the TGF-β
family, including nodal, lefty-1 and lefty-2, play crucial
roles in establishing left–right asymmetries [1–3]. In
zebrafish, nodal signalling requires the presence of one-
eyed pinhead (oep), a member of the EGF-CFC family of
membrane-associated proteins [4]. We have generated a
mutant allele of cryptic, a mouse EGF-CFC gene [5].
Homozygous cryptic mutants developed to birth, but the
majority died during the first week of life because of
complex cardiac malformations such as malpositioning
of the great arteries, and atrial–ventricular septal defects.
Moreover, laterality defects, including right isomerism of
the lungs, right or left positioning of the stomach and
splenic hypoplasia were observed. Nodal gene
expression in the node was initiated in cryptic mutant
mice, but neither nodal, lefty-2 nor Pitx2 were expressed
in the left lateral plate mesoderm. The laterality defects
observed in cryptic–/– mice resemble those of mice
lacking the type IIB activin receptor or the homeobox-
containing factor Pitx2 [6–9], and are reminiscent of the
human asplenic syndrome [10]. Our results provide
genetic evidence for a role of cryptic in the signalling
cascade that determines left–right asymmetry.
Addresses: *Max-Delbrück-Centrum for Molecular Medicine, Robert-
Rössle-Strasse 10, 13125 Berlin, Germany. †Forschungszentrum
Karlsruhe, Institute of Toxicology and Genetics, P.O. Box 3640, 76021
Karlsruhe, Germany. ‡Franz-Volhard Clinic for Cardiovascular Disease,
Wiltbergstrasse 50, 13125 Berlin, Germany.
Correspondence: C. Birchmeier
E-mail: cbirch@mdc-berlin.de
Received: 8 October 1999
Revised: 25 October 1999
Accepted: 25 October 1999
Published: 8 November 1999
Current Biology 1999, 9:1339–1342
0960-9822/99/$ – see front matter 
© 1999 Elsevier Science Ltd. All rights reserved.
Results and discussion
Disruption of the mouse cryptic gene
Cryptic encodes a member of the recently discovered
EGF-CFC family of proteins. This family includes cripto
in mouse, FRL1 in Xenopus, and cryptic in mouse (CFC);
oep was discovered in zebrafish [5,11–13]. The predicted
protein sequence in each case contains a signal peptide,
an EGF-like motif, a CFC domain, and a carboxy-termi-
nal hydrophobic sequence. Biochemical evidence indi-
cates that cripto has signalling capacity, and induces
phosphorylation of ErbB receptor tyrosine kinases [14].
Analysis of mutant mice and zebrafish has demonstrated
important developmental roles for cripto and oep in axis
formation and has established a function of oep and
cripto as co-receptors or presenting molecules in nodal
signalling [4,15]. To analyse the role of cryptic, the
second family member in mice, we introduced a tar-
geted mutation into the gene by homologous recombina-
tion in embryonic stem (ES) cells. A targeting vector was
constructed in which lacZ was fused to the initiation
codon of cryptic, replacing exons 1–4, which encode the
amino terminus and the EGF domain (Figure 1a).
Mutant ES cells were used to generate a mouse strain
that carries the cryptic mutation (Figure 1b). Heterozy-
gous mutant mice were viable and fertile, whereas the
majority of homozygous mutants died during the first
days of postnatal life. 
We assessed β-galactosidase activity during development
in embryos heterozygous for the cryptic–lacZ allele. At
embryonic day 7.5 (E7.5), expression of β-galactosidase
was detected in the precardiac and lateral mesoderm
(Figure 1c,d). At E8.5, β-galactosidase was expressed in
the heart and the lateral plate mesoderm (splanchnopleura
and somatopleura; Figure 1e). The expression domain was
bilaterally symmetrical (Figure 1c–e), as described previ-
ously [5]. Expression in the node and axial mesoderm was
not detected (Figure 1c–e), although cryptic expression at
this site has been previously detected using in situ
hybridisation [5]. Thus, intron sequences deleted in the
cryptic–lacZ allele might contain promoter elements that
specify this expression domain. At E10.5, β-galactosidase
expression was detected in the heart ventricle and the
outflow tract, but not in the atrium. At E11.5 or E12.5,
inflow and outflow tracts (Figure 1f) and the cushion (data
not shown) were stained.
Laterality defects in cryptic mutant mice
We examined cryptic–/– mice, including seventeen
newborn animals and six E18 animals. In 87% of the
homozygous mutant pups examined, positional defects
were present in internal organs (see Supplementary
material). All animals with laterality defects showed mor-
phological changes of the lungs. In wild-type animals, the
right lung has four, and the left lung one lobe (Figure 2a).
This asymmetric patterning of the lung was altered in
cryptic–/– animals, and left lungs with four lobes were
observed (Figure 2b,c). This is known as right pulmonary
isomerism. Histological analysis of the lungs of cryptic–/–
mutants confirmed the right pulmonary isomerism, and
symmetrical bronchi as well as branching patterns were
also observed. The lungs of newborn mice were inflated,
and showed no obvious tissue defects. In wild-type
animals, the stomach and the spleen are located on the
left (Figure 2d). The stomach of cryptic–/– mice was
located on either the left (in 45% of mutants) or the right
(55%), and the spleen was small and had an abnormal
shape (Figure 2e,f). 
In wild-type animals, the apex of the heart points towards
the left side of the body (Figure 2a). In cryptic–/– animals,
the apex of the heart pointed to the right (in 30% of
mutants) or left (70%; Figure 2b,c). Heart looping was,
however, correct in cryptic mutants at E8.5. The topology
of the heart was independent of the position of the
stomach. In addition, malpositioning of heart outflow
tracts was observed in 82% of cryptic mutants. In the
normal heart, the pulmonary artery connects to the right
ventricle (Figure 3a,c); the aorta is located dorsal and to
the left of the pulmonary artery (Figure 3a,e). In cryptic
mutants, the aorta connected to the right ventricle
(Figure 3b,d), and emerged from the heart in a ventral
position and to the right of the pulmonary artery
(Figure 3b,f). In control mice, the pulmonary artery is
always connected to the right ventricle. In cryptic mutants,
the pulmonary artery connected to either the left
(Figure 3f) or the right ventricle. Among seven individual
cryptic mutants analysed histologically, transposition of the
great arteries was seen in five of them, double outlet right
ventricle was observed in one mutant, and a normal con-
figuration was seen in one mutant. Septal defects were
apparent in the atria, and instead of a left and right atrium,
a common atrial chamber was observed in cryptic–/– animals
(Figure 3g,h). Ventricular septal defects were also
observed in cryptic–/– mice (data not shown). 
Nodal, lefty-2 and Pitx2 are not expressed in the lateral
plate mesoderm of cryptic–/– mice
Many of the molecular events that establish left–right
asymmetry in vertebrates have been elucidated, and a
model of left–right determination involving a complex
cascade of genetic interactions has emerged [1–3]. Nodal is
critical for the establishment of the left–right axis [16,17],
and controls the asymmetric expression of Pitx2 [18–20].
We examined the expression of nodal in cryptic–/– mice. In
control mice, nodal is expressed around the node and in
the left lateral plate mesoderm (Figure 4a). In cryptic–/–
embryos, asymmetric nodal expression at the node was
retained, but was not detected in the left lateral plate
mesoderm in 11 embryos analysed (Figure 4b). Lefty-2,
another member of the TGF-β family, has also been
implicated in laterality determination [21,22]. Lefty-2 is
expressed in the left lateral plate mesoderm and in the
prospective floorplate of control embryos (Figure 4c). In
cryptic–/– embryos, lefty-2 expression was dramatically
changed in the 12 mutants examined. Expression was
either absent (8 embryos; Figure 4d), or residual expres-
sion was limited to only the anterior portion (4 embryos).
Pitx2 is expressed in the head and on the left in the lateral
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Figure 1
Generation of cryptic mutant mice and expression of a cryptic–lacZ
fusion allele. (a) The structure of the targeting vector used to mutate
cryptic (top), the wild-type cryptic locus (middle) and the targeted
cryptic allele (bottom) are shown. Exons are indicated by black boxes.
The first exon contains the ATG start codon, to which lacZ (shown in
grey) was fused. Exons 1–5 are deleted in the targeting vector, which
also contains a neomycin-resistance cassette (neo) and the thymidine
kinase gene (tk) for positive and negative selection. The probe used for
Southern hybridisation and the sizes of predicted fragments obtained
after NcoI digestion of genomic DNA containing the wild-type and
mutant alleles are indicated. N: NcoI restriction sites. CFC, CFC
domain. (b) Southern blot hybridisation of NcoI-digested DNA isolated
from wild-type (lane 1), cryptic+/– (lane 2) and cryptic–/– (lane 3) mice;
note that a cross-hybridising fragment of 2.8 kb is present in all lanes.
(c–e) Expression of β-galactosidase in embryos at (c,d) E7.5 and
(e) E8.5 that are heterozygous for the cryptic–lacZ allele. (c) Frontal
view; (d) lateral view. (f) A rostral view of a dissected heart from an
E12.5 embryo heterozygous for the cryptic–lacZ allele; the atria were
removed to view the inflow (IT) and outflow (OT) tracts. CP,
cardiogenic plate; N, node; SP, splanchnopleura; SO, somatopleura;
H, heart; RV, right ventricle; LV, left ventricle. 
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plate mesoderm in control embryos (Figure 4e). In
cryptic–/– mutants, Pitx2 expression was retained in the
head, but was absent in the left lateral plate mesoderm in
12 mutant embryos examined (Figure 4f). Expression in
the outflow tract of the heart was, however, retained (data
not shown). 
Laterality defects such as those observed in cryptic
mutants, in particular, right isomerism of the lung com-
bined with transposition of the great vessels, double
outlet right ventricle and hyposplenia have been previ-
ously described in mice that lack the type IIB activin
receptor [6]. Cryptic and the type IIB activin receptor
thus appear to act in the same pathway. Asymmetric
expression of genes in the left lateral plate mesoderm
was not observed in cryptic mutants. Therefore, the
establishment of a left identity is arrested at an early
stage, in contrast to mutations like situs inversus viscerum (iv)
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Figure 2
Laterality defects in inner organs of cryptic mutant mice. Frontal view of
dissected lungs and hearts of (a) control and (b,c) cryptic–/– mice at
the first postnatal day (P0). In the control, the left lung (Llu) has one
lobe only, and the right lung consists of four lobes, the cranial (1),
medial (2), caudal (3) and accessory (4) lobes. The cryptic–/– mice
show right pulmonary isomerism, in which both the right and left lungs
have four lobes. Moreover, the apex (a) of the heart points either to the
(b) left or (c) right. (d–f) Dorsal view of the stomach after removal of
overlying tissues in (d) control and (e,f) cryptic–/– mice at P0.
(d) In control mice, the stomach lies on the left side. In cryptic mutants,
the stomach is located either on the (e) left or (f) right. Moreover,
splenic hypoplasia is observed in cryptic mutants (e,f). L, left; R, right.
The scale bars represent 2 mm. 
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Figure 3
Transposition of the great arteries and heart morphology in cryptic–/–
mice. Schematic drawing of the positions of pulmonary artery (PA) and
aorta (AO) in (a) wild-type (control) and (b) cryptic–/– (mutant) mice.
Consecutive sections of a (c,e,g) wild-type and (d,f,h) cryptic–/– heart.
The sections show (c,f) the pulmonary artery leaving the heart, (d,e) the
aorta leaving the heart, and (g,h) the atrial–ventricular channels. Note that
the aorta connects to the right ventricle (RV) in the cryptic–/– embryos,
but to the left ventricle (LV) in the control. In control embryos the right
atrium (RA) and left atrium (LA) are separated, whereas in cryptic–/– mice
they form a common atrium (CA). The scale bar represents 1 mm.
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that result in randomised expression of these left marker
genes [1]. The cryptic-related protein oep acts as an
essential co-receptor or presenting molecule for nodal
signalling in the zebrafish [4]. The phenotype that we
observed in cryptic mutant mice suggests that mouse
cryptic takes over a similar role and presents node-
derived nodal in the lateral mesoderm. Nodal controls its
own expression in the lateral plate mesoderm [22]. The
absence of the presenting molecule in the lateral plate
mesoderm would then interfere with expression of nodal
at this site. Pitx2 is one of those molecules that act down-
stream of nodal in the lateral plate mesoderm [18–20].
Mice with an ablated Pitx2 gene display laterality defects
reminiscent of the ones described here [7–9]. This is in
accordance with the changes in Pitx2 expression
observed in cryptic–/– mice. The abnormal positioning of
the great vessels in cryptic mutant mice is similar to that
seen in the human congenital heart defects known as
transposition of the great arteries and double outlet right
ventricle. Malposition of the great arteries, dextrocardia,
right pulmonary isomerism and splenic abnormalities are
often associated in humans, and are the symptoms of the
asplenia syndrome [10]. 
Supplementary material
Supplementary material including a table of data on the laterality
defects in cryptic–/– mice and additional methodological detail is avail-
able at http://current-biology.com/supmat/supmatin.htm.
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Figure 4
Expression of nodal, lefty-2 and Pitx2 in control and cryptic–/– mice. In
situ hybridisation of (a,c,e) control and (b,d,f) cryptic–/– embryos using
probes specific for (a,b) nodal, (c,d) lefty-2 and (e,f) Pitx2. The ages of
the embryos are: E8.5 (4–6 somites) in (a,b); 3–4 somites in (c,d); and
10–12 somites in (e,f). N, node; LPM, lateral plate mesoderm; HE,
head; SV, sinus venosus. 
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Supplementary materials and methods
Generation of the cryptic mutant
The genomic locus of the mouse cryptic gene was isolated from a P1
library; the sequences of exons 1–5 were identical to cDNA sequence
reported previously [S1]. In the targeting vector, the sequences encod-
ing amino acids 1–165 are deleted (see [S2] for the numbering of
amino acids). The targeting vector was introduced into ES cells, and
colonies that had integrated the vector by homologous recombination
were enriched by selection with G418 and gancyclovir. Homologous
recombination events were identified by Southern hybridisation. Mice
that carry the mutant cryptic gene were generated as described [S3].
We examined 23 cryptic–/– mice, 46 cryptic+/– and 26 cryptic+/+
animals at E18 or on the first postnatal day (P0); changes in laterality of
inner organs were observed only in homozygous mutant animals. 
Histology, X-gal staining and in situ hybridisation
Tissues were fixed in 4% paraformaldehyde, dehydrated and embed-
ded in hydroxyethylmethacrylate (Technovit 7100 resin, Kulzer
GmbH). Sections were cut and counterstained with haematoxylin and
eosin. Standard procedures were used for X-gal staining and in situ
hybridisation [S3,S4].
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Table 1
Laterality defects in cryptic–/– mice.
Phenotypes Numbers of mutants
Heart
Dextrocardia 7/23 (30%)
Malposition of the great arteries 19/23 (82%)
Atrial septal defect 11/11 (100%)
Ventricular septal defects 10/11 (91%)
Other organs
Right pulmonary isomerism 20/23 (87%)
Inverted situs of stomach 12/22 (55%)
Hyposplenia 8/8 (100%)
Cryptic–/– mice at E18.5 (2 mutants) or P0 (21 mutants) were
identified by PCR, and their internal organs inspected for laterality
defects. Not all phenotypes were scored in each mouse. 
